C urrent clinical guidelines for cardiac resynchronization therapy (CRT) in heart failure (HF) patients with low left ventricular ejection fraction (LVEF) are based on electrocardiographic criteria, including QRS prolongation and morphology. 1 Lack of response to CRT remains an important clinical problem. Although HF patients with regional LV mechanical discoordination, often called mechanical dyssynchrony when derived from time-to-peak regional LV strain measurements, have been shown to respond more favorably to CRT, 2,3 the routine use of mechanical discoordination as an adjunct to the electrocardiographic criteria for patient selection for CRT has not gained clinical acceptance. 1,4 Furthermore, CRT has been shown to have no beneficial effect or even harm patients with LV mechanical dyssynchrony and narrow QRS duration. 5, 6 The strongest evidence for positive response to CRT is in patients with left bundle branch block (LBBB) and QRS duration ≥150 ms, 7 whereas all of the large randomized clinical trials investigating the effects of CRT also included patients with non-LBBB morphology and QRS duration ≥120 8 or ≥130 ms. 9,10 The result is clinical uncertainty for benefit of CRT in patients with intermediate electrocardiographic criteria, specifically those with QRS duration of 120 to 149 ms or non-LBBB morphology. 1 Accordingly, there is a clinical need to enhance mechanistic understanding of LV mechanical discoordination which may potentially improve patient selection in those with intermediate electrocardiographic criteria.
Systolic Stretch and CRT Outcomes
We hypothesized that the origin of mechanical discoordination is diverse and that it may arise not only from electromechanical substrates responsive to CRT but also from non-electrical substrates, such as regional myocardial scar or hypocontractility, that are unresponsive to CRT. We further hypothesized that we could identify the electromechanical substrate responsive to CRT using myocardial strain characteristics. We tested these hypotheses in a 2-part study. First, computer simulations were used to characterize patterns of LV mechanical discoordination arising from (1) electrical activation delay, (2) regional differences in contractility, and (3) regional myocardial scar, alone or in combination. Based on these simulations, we devised a novel systolic stretch index (SSI), defined as the sum of posterolateral systolic prestretch (SPS POST ) and septal systolic rebound stretch (SRS SEPT ), which characterized the electromechanical substrate responsive to CRT. Second, we studied a consecutive clinical series of HF patients with routine indications for CRT to determine associations of SSI with the predefined clinical outcome variables of HF hospitalizations, death, heart transplant, or LV assist device (LVAD) implantation. Finally, we performed a subgroup analysis to assess the association of SSI with outcome after CRT in patients with intermediate electrocardiographic criteria for whom clinical benefit of CRT is uncertain.
Methods

Computer Simulations
The CircAdapt computational model of the human heart and circulation 11 (www.circadapt.org) was used to simulate local ventricular myofiber mechanics in hearts with different degrees and combinations of electromechanical and non-electrical substrates of mechanical discoordination. CircAdapt has previously been shown to realistically simulate cardiovascular system mechanics and hemodynamics in the dyssynchronous failing heart treated with CRT. [12] [13] [14] [15] 
Reference HF Simulation
Starting from a simulation representing the normal adult heart, diffuse myocardial hypokinesis was induced by a global 50% reduction of myofiber contractility, and dilation of all wall segments until LVEF was 28%. Heart rate and cardiac output were set to mean values measured in the patient cohort, that is, 71 bpm and 3.2 L/min, respectively. Circulating blood volume and peripheral vascular resistance of the systemic circulation were adjusted so that mean arterial pressure equaled 92 mm Hg. Ventricular walls were subdivided into segments ( Figure 1A , left panel) comparable with the standard midventricular short-axis segmentation used during echocardiographic strain imaging. All ventricular segments were synchronously activated 200 ms after right atrial activation, representing prolonged atrioventricular conduction. 15 
Simulations of Electromechanical and Non-Electrical Substrates
Starting from the reference HF simulation, 3 different substrates of contraction heterogeneity were simulated:
1. Electromechanical substrate: LBBB-like ventricular activation patterns with maximal posterior activation delays of 50, 100, and 150 ms ( Figure 1A ). 2. Non-electrical hypocontractility substrate: 3 degrees of posterolateral contractility decrease, mimicking reduced ability of the myocardium to generate active tension ( Figure 1B ). 16 3. Non-electrical scar substrate: 3 degrees of posterolateral scar were simulated in the hypocontractility simulations by additionally increasing passive stiffness, mimicking fibrotic myocardial remodeling ( Figure 1C ). 16 We performed 28 different HF simulations based on all possible combinations of the electromechanical and non-electrical substrates above.
Differentiating Electromechanical From Non-Electrical Substrates
The simulations were used to identify the radial strain characteristics specific for different substrates of LV mechanical discoordination. This mechanistic knowledge was used to design a radial strain-based index sensitive to the electromechanical substrates responsive to CRT and relatively insensitive to non-electrical substrates. This novel index, called SSI, is calculated in 5 steps:
1. Calculate mean LV radial strain (Figure 2A ). 2. Subtract the mean LV radial strain pattern from all local strain patterns, resulting in mean-centered strain patterns ( Figure 2B ), that is, the local deviation from mean radial deformation; mean centering was applied to minimize the effect of global deformation artifacts. 3. Average the mean-centered strain patterns of the 2 septal and the 2 posterolateral segments ( Figure 2C ). 4. Calculate SPS POST ( Figure 2C ), as stretch occurring between time of onset QRS and aortic valve opening (AVO); calculate SRS SEPT ( Figure 2C ), defined as stretch following initial shortening between time of onset QRS and aortic valve closure. 17 
Calculate SSI by summing SRS SEPT and SPS POST .
Custom-made software (Matlab 7.11.0, MathWorks, Natick, MA) was developed for automatic SSI calculation using 6 regional timestrain curves and time of onset QRS, AVO, and aortic valve closure as input. Comparisons were also made with the clinical indices of interventricular mechanical delay (IVMD), defined as the time difference between pulmonary and aortic valve opening, and peak-to-peak radial strain delay, defined as the time between earliest septal or anteroseptal peak strain and latest posterior or lateral peak strain. 18
Simulations of Acute Response to CRT
For all baseline HF simulations, CRT was simulated by acutely imposing a ventricular activation pattern mimicking simultaneous biventricular pacing at a paced atrioventricular delay of 120 ms. During CRT, activation spreads with an intersegment delay of 40 ms (Figure I in the Data Supplement), resulting in a total ventricular activation time of 80 ms. Acute hemodynamic response to CRT was defined as the percentage change of LV stroke volume.
Clinical Study
The study design was prospective with novel analysis applied to an existing patient database by investigators blinded to all clinical data and predefined clinical end points. The protocol for the patient study was approved by the Institutional Review Board for Biomedical Research of University of Pittsburgh Medical Center. All patients gave informed consent consistent with this protocol.
Patients
The study group began with 210 consecutive New York Heart Association Class II to IV HF patients with QRS duration ≥120 ms and LVEF ≤35% referred for CRT with routine indications. Nineteen patients (9%) were prospectively excluded because echocardiographic images were unsuitable for quantitative strain analysis. Table 1 shows baseline characteristics for the resulting cohort of 191 patients. No patients had atrial fibrillation. All patients were on optimal pharmacological therapy. CRT was initiated after routine biventricular pacing system implantation with LV lead placement in epicardial veins targeting the posterior or lateral wall. No leads were placed in anteroseptal or inferoseptal regions. Systolic Stretch and CRT Outcomes
Baseline Echocardiography
The following echocardiographic protocol was performed before CRT device implantation. Routine apical 4-chamber and 2-chamber views were used for quantification of LV volumes and LVEF using biplane Simpson's rule. Times of AVO and closure were determined from routine pulsed wave Doppler spectral recordings. Radial strain was acquired from the mid LV short-axis view as previously described. 18 Strain analysis was performed on a minimum of 3 beats and did not require a fixed beat-to-beat interval; no patients were in atrial fibrillation. Briefly, endocardial and epicardial borders were manually traced to create a region of interest, which was adjusted to accomplish optimal tracking (GE EchoPac BT11, Horten, Norway). The 6 LV regional time-strain curves were exported to a remote laboratory (Maastricht University) where fully automated SSI analysis was performed, using custom-made software, by investigators who were blinded to all clinical outcome data. Interobserver and intraobserver A B C Figure 1 . Simulated substrates of mechanical discoordination. A, An electromechanical left bundle branch block (LBBB) substrate simulated as a septal-to-free wall gradient in activation delay. B, A non-electrical hypocontractility substrate simulated as a septal-to-free wall gradient in contractility. C, A non-electrical scar substrate simulated by adding a septal-to-free wall gradient in passive stiffness to the hypocontractility substrate is shown in B. All 3 substrates caused peak-to-peak radial strain delay but the pattern of mechanical discoordination differs considerably between the substrates. Peak septal (yellow arrow) and posterior (purple arrow) radial strains were used to quantify peakto-peak radial strain delay (black double-headed arrows). AVC indicates aortic valve closure; AVO, aortic valve opening; LV, left ventricle; and RV, right ventricle. Figure 2 . Calculation of the systolic stretch index (SSI). Radial strain data from a patient with QRS duration of 168 ms and left bundle branch block. Vertical dotted lines indicate onset QRS. SSI is obtained by (A) calculating mean left ventricular (LV) radial strain (dashed line); (B) mean-centering regional radial strains, by subtracting the mean LV radial strain pattern from all regional strain patterns; (C) calculating and summing posterolateral systolic prestretch (SPS POST ) and septal systolic rebound stretch (SRS SEPT ). Systolic Stretch and CRT Outcomes variability analyses of computerized SSI calculations were performed by repeated speckle-tracking radial strain analysis (including tracing of endocardial and epicardial borders and SSI calculation) in a random sample of 20 patients by 2 different investigators. The intraclass correlation coefficient for SSI as a continuous variable was 0.94 for interobserver agreement, indicating good reproducibility across different reviewers, and 0.92 for intraobserver agreement, indicating good reproducibility within the same reviewer. When evaluating agreement for SSI<9.7%, there was 90% interobserver agreement (κ=0.8) and 90% intraobserver agreement (κ=0.8).
A B C
Clinical Follow-Up and Predefined Subgroup Analysis
Patients were followed clinically for a 2-year period, with predefined combined end points. The primary end point was time to HF hospitalization or death, whichever came first. The combined secondary end point was death, heart transplant, or LVAD therapy. The rescue therapies of transplant or LVAD were combined as end points with death because only patients with a limited life expectancy receive these treatments at our institution. Echocardiographic follow-up data on LV volumes at 6 months after CRT were available for 155 patients (81%). These data were used to determine the cutoff value of SSI using a predefined independent definition of CRT response as a decrease in LV end-systolic volume ≥15%. A predefined subgroup of patients was identified with intermediate electrocardiographic criteria, where clinical usefulness of CRT is less clearly defined (currently by guideline class IIa or IIb indications), namely those with QRS duration of 120 to 149 ms or non-LBBB electrocardiographic morphology. 1
Statistical Analysis
Reproducibility of the SSI was assessed using intraclass correlation coefficients. Pearson's correlation coefficient was used to assess the correlation between mechanical discoordination indices (peak-to-peak radial strain delay, SSI) and acute changes in LV stroke volume. Receiver operator characteristic curve analysis was used to determine an SSI cutoff (with CRT response defined as a LV end-systolic volume decrease of ≥15% at 6 months and no unfavorable event). Patients were divided into groups (SSI<9.7% versus SSI≥9.7%); all group data were presented as mean±SD (continuous variables) or frequencies and percentages (categorical variables). Continuous variables are compared between groups using Student t test, and categorical variables are compared using Fisher's exact test. Freedom from the primary outcome (death or HF hospitalization) and secondary outcome (death, transplant, or LVAD) is plotted for both SSI groups using Kaplan-Meier curves. Between-group differences in freedom from event are tested using log-rank tests. Cox proportional hazards models were used to confirm the results of the log-rank test when adjusting for potential confounders. We determined potential confounding covariates and made adjustments with the influence of these explanatory variables held constant over time. The appropriateness of the proportional hazards assumption was verified by testing the interactions between each predictor and survival time; if the resulting timedependent covariate is significant, then the proportional hazards assumption is violated for that predictor. A P value of <0.05 was considered significant.
Results
Simulated Strain Signature of an Electromechanical Substrate
The pattern of LV contraction heterogeneity because of an electromechanical LBBB-like substrate responsive to CRT was characterized by (1) early septal contraction associated with SPS POST before AVO and (2) late posterolateral contraction associated with SRS SEPT occurring at or after AVO ( Figure 1A ). The amplitude of LV contraction heterogeneity, and hence SPS POST , SRS SEPT , and SSI, increased linearly with the LBBB activation delay imposed. The simulated electromechanical LBBB substrate caused peakto-peak radial strain delay, increasing from 96 ms in the synchronous failing heart to values >300 ms in all 3 LBBB simulations.
Simulated Strain Signatures of Non-Electrical Substrates
We observed that simulations of both posterolateral hypocontractility ( Figure 1B ) and scar ( Figure 1C ) in the synchronous failing heart showed that early systolic divergence of strain curves can occur in the absence of electrical activation delays. The relatively strong septal myocardium started thickening, causing thinning of the weakened posterolateral myocardium during the isovolumic contraction phase. This early systolic strain divergence did not reverse during ejection, unlike in the simulations of a pure electromechanical LBBB substrate ( Figure 1A) . The septal segments continued to thicken until the end of the ejection phase, whereas the weakened posterolateral segments stopped thinning once ejection began and remained stretched during most of the ejection phase. Both non-electrical substrates were associated with qualitatively B) in the posterolateral segments, combined with a LBBB-like activation pattern with maximum posterior activation delay of 50 ms. Strain curves demonstrated a peak-to-peak radial strain delay of 278 ms. Bottom, Echocardiogram (left) from a 58-year-old HF patient with ischemic cardiomyopathy and inferior-posterior transmural infarction (LV ejection fraction, 25%). Before CRT, QRS duration was 130 ms, with an intraventricular conduction delay (right). Strain curves from mid LV level demonstrated a significant peak-to-peak radial strain delay of 320 ms (arrows) but low SSI of 4%. After CRT, this patient had no improvement in LV ejection fraction or HF symptoms. AVC indicates aortic valve closure; AVO, aortic valve opening; and RV, right ventricular. Systolic Stretch and CRT Outcomes similar changes of LV radial strain curves, although pre-ejection thinning and postsystolic thickening of the posterolateral myocardium were larger in the compliant hypocontractile tissue ( Figure 1B ) than in the stiffer scarred tissue ( Figure 1C ).
Comparative Simulation and Patient Strain Data
Examples of the 3 different myocardial substrate simulations and comparable echocardiographic strain curves from HF patients (LVEF ≤35%) with their corresponding ECG are shown in Figure 3A -3C. Simulated and measured strain patterns showed good agreement, whereas no patient-specific fitting of model parameters except heart rate was performed. All
3 patient examples showed peak-to-peak radial strain delay >130 ms, that is, the cutoff value previously used to predict CRT response. 18 Figure 3A shows a patient with minimal QRS widening (132 ms) and strain patterns similar to the simulation of a pure electromechanical LBBB substrate. This patient had a peak-to-peak radial strain delay of 350 ms and a SSI of 29%. The patients in Figure 3B and 3C presented with similar QRS duration (130 ms) and baseline strain patterns resembling hypocontractility and scar substrate simulations, respectively. They had large peak-to-peak radial strain delays (230 and 320 ms, respectively) but low SSIs (5% and 4%, respectively).
A B Figure 4 . Simulated response to cardiac resynchronization therapy (CRT). A, Acute hemodynamic response to CRT as function of peak-to-peak radial strain delay (left) and systolic stretch index (SSI; right) for the simulations of pure electromechanical (simulated with 10-ms increments of color-coded maximal left ventricular [LV] activation delay) and pure non-electrical substrates only. B, Response to CRT as function of peak-to-peak radial strain delay (left) and SSI (right) for the simulations of 4 degrees of electromechanical LBBB substrate (color-coded) combined with 3 degrees of non-electrical hypocontractility (triangles) or scar (circles) substrates. Only the patient in Figure 3A responded favorably to CRT with clinical improvement in HF symptoms and LVEF.
SSI and Acute Hemodynamic Response to CRT
Simulations showed that a mild degree of electromechanical LBBB substrate (≥60 ms delay of posterolateral activation) was required for CRT to be hemodynamically beneficial ( Figure 4A ). Furthermore, there was no favorable acute CRT response and SSI was relatively small for all purely nonelectrical substrate simulations, despite peak-to-peak radial strain delay of up to 288 ms. The same relations between acute CRT response and mechanical discoordination indices were observed for the simulations combining the electromechanical LBBB substrate with non-electrical substrates ( Figure 4B ). Both peak-to-peak radial strain delay and SSI correlated with acute changes in LV stroke volume after CRT, however, SSI correlated more closely with acute CRT response than peakto-peak radial strain delay (R 2 =0.89 versus 0.43).
Baseline SSI Analysis in Patients
Receiver operator characteristic analysis showed a baseline SSI of ≥9.7% to be most representative of CRT response. Table 1 shows baseline clinical characteristics of all patients together and grouped by SSI above and below this cutoff value. Patients with non-LBBB morphology mostly had intraventricular conduction delay (33%) and few had right bundle branch block (7%). Patients with SSI<9.7% tended to be older (68±11 versus 64±11 years; P=0.04), were more likely to be men (84% versus 65%; P=0.003), and were more likely to have ischemic disease (72% versus 51%; A B 
Long-Term Clinical Outcomes: All Patients
For the full cohort of 191 patients over a 2-year interval, the combined end point of HF hospitalization or death was met in 69 patients (51 by first HF hospitalization end point and 18 by deaths). SSI≥9.7% was associated with less HF hospitalizations or deaths (hazard ratio, 0.32; 95% confidence interval, 0.19-0.53; P<0.001; Figure 5A ). The combined end point of death, heart transplant, or LVAD was met in 46 patients (33 deaths, 5 transplants, and 8 LVADs). SSI≥9.7% was also associated with a more favorable outcome with respect to this combined end point of hard events (hazard ratio, 0.28; 95% confidence interval, 0.15-0.55; P<0.001; Figure 5B ). SSI≥9.7% remained independently associated with both combined end points (P<0.05) after adjustments for the potential covariates of age, sex, and ischemic disease.
Long-Term Clinical Outcomes: Intermediate Electrocardiographic Criteria Subgroup
Among the subgroup of 113 patients with intermediate electrocardiographic criteria, SSI≥9.7% was associated with a more favorable clinical outcome with respect to HF hospitalization or death (hazard ratio, 0.41; 95% confidence interval, 0.23-0.79; P=0.004, Figure 6A ) and more favorable outcomes with respect to death, transplant, or LVAD (hazard ratio, 0.27; 95% confidence interval, 0.12-0.60; P=0.001; Figure 6B ). In this subgroup, SSI≥9.7% remained independently associated with both combined end points (P<0.05) after adjustment for the potential covariate of QRS duration. The potential confounding variables of age, sex, ischemic disease, QRS duration, and morphology known to be associated with CRT response were tested in univariable and multivariable analysis ( Table 3 ). Only QRS duration and LBBB morphology were significantly associated with event-free survival in multivariable analysis when SSI was taken into account.
Comparison of Baseline Discoordination Indices
For all patients, SSI, peak-to-peak radial strain delay, and IVMD were significantly associated with both combined end (Table 4 ). SSI was most closely associated with both combined end points, followed by IVMD and peak-to-peak radial strain delay, respectively. In the intermediate electrocardiographic criteria subgroup, SSI and its component SRS SEPT were associated with both combined end points, whereas peak-to-peak radial strain delay was only associated with the combined end point of death, transplant, or LVAD, and IVMD was not associated with either combined end point. SSI outperformed both SPS POST and SRS SEPT in its association with the combined end point of death, transplant, or LVAD in all patients and the intermediate electrocardiographic criteria subgroup.
Discussion
We used computer simulations to differentiate patterns of LV mechanical discoordination arising from electromechanical substrates that are responsive to CRT from discoordination patterns caused by non-electrical substrates unresponsive to CRT. Specifically, SPS POST and SRS SEPT , unified by the newly developed SSI, indicated the myocardial deformation signature of the electromechanical substrate associated with CRT response. Computer simulations enabled manipulation of regional electrical activation delay, contractility, and passive stiffness that cannot be controlled independently in animal models or humans. Simulations also demonstrated that peakto-peak strain measures of dyssynchrony could ambiguously represent electromechanical and non-electrical substrates, which may explain the failure of these measures to predict response in patients with narrow QRS. 5, 6 Prospective application of echocardiographic SSI analysis to a consecutive series of CRT recipients showed that a baseline SSI≥9.7% was associated with a more favorable response to CRT with respect to the clinical outcomes of the primary end point of HF hospitalizations or death and also the secondary combined end point of death, transplant, or LVAD. Unlike other indices of mechanical dyssynchrony, SSI was independently associated with more favorable clinical outcomes after CRT in patients with intermediate electrocardiographic criteria of QRS duration of 120 to 149 ms or non-LBBB morphology. Furthermore, SSI was a better predictor of CRT response compared with peak-to-peak radial strain delay or IVMD and better than QRS duration or morphology alone. The combination of our computational and clinical findings extends the understanding of confounding causes of LV mechanical discoordination in HF patients with low LVEF.
Complexity of LV Mechanical Discoordination
Our model simulations showed how 3 candidate discoordination substrates likely to exist in patients with HF can explain the complexity and diversity of regional LV myocardial strain patterns as measured in CRT candidates. Experimental studies in a canine model of LBBB [19] [20] [21] have led to a characterization of the pattern of LV mechanical discoordination caused by LBBB as early systolic septal contraction and posterolateral wall stretch followed by SRS SEPT and delayed posterolateral contraction, respectively. These mechanical consequences of LBBB were consistently found to be associated with impaired cardiac pump function in experimental and computational models of LBBB. 14, [19] [20] [21] [22] Furthermore, it has been shown that a critical degree of such an electromechanical substrate must be present for CRT to be beneficial. 7, 23 The characteristic LBBB pattern of LV contraction heterogeneity described above is not consistently observed in CRT patient cohorts. 24 Our simulations suggest that this dissociation between QRS widening and LV contraction heterogeneity can be explained by the coexistence of non-electrical substrates, such as regional hypocontractility or scar. Although non-electrical substrates changed the overall pattern of LV contraction heterogeneity when simulated in combination with an electromechanical LBBB substrate, radial strain features, such as SPS POST and SRS SEPT , arising from the electromechanical substrate were still present, albeit to a lesser extent. Myocardial scar or hypocontractility did not preclude positive hemodynamic CRT response in either our simulations or 25 Moreover, subsets of wide QRS patients with non-LBBB or even right bundle branch block morphologies have been shown to respond to CRT provided that contralateral systolic stretch as described above is present. 24
Peak-to-Peak Dyssynchrony Measures Are Not Specific to Electrical Substrates
Mechanical dyssynchrony, in terms of time-to-peak strain or velocity measurements, has been reported to commonly occur in HF patients with narrow QRS complex (<130 ms). 5, [26] [27] [28] The negative outcome of the Echocardiography Guided Cardiac Resynchronization Therapy (EchoCRT) trial, 6 however, suggests that time-to-peak dyssynchrony does not necessarily represent an electromechanical substrate treatable with CRT. Our simulations support this hypothesis by showing that a peak-to-peak radial strain delay ≥130 ms (the cutoff used for EchoCRT patient inclusion) can occur in synchronously activated failing hearts with non-electrical substrates of mechanical discoordination.
SSI Identifies Electrical Substrates Responsive to CRT
These findings support a mechanistic approach for quantifying mechanical discoordination, instead of dyssynchrony, integrating timing and amplitude of strain features specific to the electromechanical substrate responsive to CRT. [29] [30] [31] To that end, SSI was designed to capture 2 key radial strain features of the electromechanical substrate responsive to CRT. First, SPS POST reveals an activation delay of the lateral wall tissue, which is stretched by early-activated septal tissue. Second, SRS SEPT detects the mechanical effect of the forcefully contracting late-activated tissue on early-activated septal tissue. Longitudinal strain-based SRS SEPT has previously been shown to be a predictor of clinical outcome after CRT in HF patients with LBBB morphology. 23 By combining SPS POST and SRS SEPT , the SSI is intended as an easily implemented form of pattern recognition that detects a septal-toposterolateral electrical activation delay. In our simulations, this electromechanical substrate represented by SSI related linearly to acute hemodynamic response to CRT. In the presence of regional hypocontractility or scar, both SSI and acute CRT response were lower, while maintaining their linear relation. Hence, simulations supported SSI to be a predictor of acute CRT response in a wide range of pathophysiological circumstances.
Although clear associations of QRS duration and QRS morphology with CRT response have been shown in clinical trials, the widest variability in CRT response was observed among patients with QRS duration of 120 to 149 ms or non-LBBB. 32, 33 Accordingly, the greatest opportunity to improve patient selection is in this intermediate electrocardiographic criteria group. When comparing IVMD as a simple and reproducible parameter associated with response to CRT in patients with wide QRS and LBBB morphology, 14, 34 SSI performed comparatively better. In addition, baseline SSI was more closely associated with CRT response than IVMD in the cohort with intermediate electrocardiographic criteria (QRS duration of 120 to 149 ms or non-LBBB morphology). Accordingly, the more time-consuming strain analysis seems to be of particular value over the simpler IVMD in these patients in the intermediate electrocardiographic group.
Study Limitations
Our simulations may not include all pathophysiological variables encountered in patients. Heterogeneities in conduction velocity related to non-electrical substrates 35 were not included. Simulations only allowed evaluation of acute hemodynamic response to CRT. Furthermore, ventricular geometry in CircAdapt is highly simplified, which may have caused the systematic overestimation of simulated radial strain values and thus SSI.
Although SSI was prospectively applied in a blinded fashion to an existing data set, it is an acknowledged limitation that patients were not prospectively enrolled with SSI performed before CRT implantation. This study was limited to sinus rhythm to reflect the patient population studied and the current CRT clinical guidelines. 1 Application to patients in atrial fibrillation may be of interest for future study. High-quality speckle-tracking echocardiography may only be applied to technically adequate images. It is a known limitation that technically adequate image quality is required for speckle-tracking strain analysis, and our exclusion rate of 9% is similar to previous studies. 2, 6, 18 Continued technological improvements in image acquisition and refinements in analysis may likely reduce this exclusion rate in the future. The user interface for locating the echocardiographic regions of interest to generate the radial strain curves requires training and experience, although SSI analysis itself was computer-automated and objective. Semiautomated image analysis has promise for reducing this potential source of variability. Other variables affecting CRT response, such as scar burden, 36 LV lead position, 37 or atrioventricular-ventriculoventricular delay optimization, 38 were not part of this study.
Conclusions
Computer simulations were used to differentiate patterns of LV mechanical discoordination caused by electromechanical substrates that are responsive to CRT from those caused by non-electrical substrates unresponsive to CRT. The combination of SPS POST and SRS SEPT , unified by the SSI, specifically represented an electromechanical substrate responsive to CRT. Baseline SSI identified patients who benefited more favorably from CRT, including those with intermediate electrocardiographic criteria, where CRT response is less certain by ECG alone.
